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ABSTRACT
Background Resistance to immune checkpoint inhibitors 
(ICIs) significantly limits the efficacy of immunotherapy in 
patients with hepatocellular carcinoma (HCC). However, the 
mechanisms underlying immunotherapy resistance remain 
poorly understood. Our aim was to clarify the role of 
membrane- associated ring- CH- type finger 3 (MARCHF3) in 
HCC within the framework of anti- programmed cell death 
protein- 1 (PD- 1) therapy.
Methods MARCHF3 was identified in the transcriptomic 
profiles of HCC tumors exhibiting different responses 
to ICIs. In humans, the correlation between MARCHF3 
expression and the tumor microenvironment (TME) was 
assessed via multiplex immunohistochemistry. In addition, 
MARCHF3 expression in tumor cells and immune cell 
infiltration were assessed by flow cytometry.
Results MARCHF3 was significantly upregulated in 
tumors from patients who responded to ICIs. Increased 
MARCHF3 expression in HCC cells promoted dendritic cell 
(DC) maturation and stimulated CD8+ T- cell activation, 
thereby augmenting tumor control. Mechanistically, 
we identified MARCHF3 as a pivotal regulator of the 
DNA damage response. It directly interacted with 
Poly(ADP- Ribose) Polymerase 1 (PARP1) via K48- linked 
ubiquitination, leading to PARP1 degradation. This 
process promoted the release of double- strand DNA 
and activated cCAS- STING in DCs, thereby initiating DC- 
mediated antigen cross- presentation and CD8+ T- cell 
activation. Additionally, ATF4 transcriptionally regulated 
MARCHF3 expression. Notably, the PARP1 inhibitor olaparib 
augmented the efficacy of anti- PD- 1 immunotherapy in 
both subcutaneous and orthotopic HCC mouse models.
Conclusions MARCHF3 has emerged as a pivotal 
regulator of the immune landscape in the HCC TME and 
is a potent predictive biomarker for HCC. Combining 
interventions targeting the DNA damage response with ICIs 
is a promising treatment strategy for HCC.

INTRODUCTION
Liver cancer is the sixth most common 
malignant cancer worldwide and the third 
leading cause of cancer- related death.1 Hepa-
tocellular carcinoma (HCC) is the most 

common pathological type of liver cancer. 
Approximately half of patients with HCC 
undergo systemic treatment, predominantly 
with sorafenib or lenvatinib as the first- line 
therapy; however, the survival benefits are 
limited.2 3 The approval of atezolizumab, an 
anti- programmed death- ligand 1 (PD- L1) 
antibody, and bevacizumab, an anti- Vascular 
Endothelial Growth Factor A (VEGF) anti-
body, combination treatment as the first- line 
therapy for advanced HCC has significantly 
increased the efficacy of cancer treatment.4 
Nevertheless, only approximately 20% of 
patients with HCC respond to existing immu-
notherapies, underscoring the need for inno-
vative combination strategies to restore drug 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ The anti- programmed cell death protein- 1 (PD- 1) 
immunotherapy as the first- line therapy for ad-
vanced hepatocellular carcinoma (HCC) has signifi-
cantly increased the efficacy of cancer treatment. 
Prior scientific understandings have highlighted 
the pivotal role of the immune microenvironment 
in therapeutic efficacy. However, the mechanisms 
underlying the remodeling of the immune microen-
vironment in HCC remain to be further elucidated.

WHAT THIS STUDY ADDS
 ⇒ This study highlights that membrane- associated 
ring- CH- type finger 3 (MARCHF3) enhances tumor 
immunogenicity and antitumor immunity through 
a dendritic cell- T- cell- dependent mechanism by 
promoting DNA damage in a manner dependent on 
ATF4, which binds to the promoter of MARCHF3.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ The data presented in this study provide a rationale 
for exploring the combination of anti- PD- 1 therapy 
with PARP1- targeted olaparib in clinical trials.
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susceptibility in resistant tumors.5 Additionally, identi-
fying effective biomarkers of the therapeutic response 
and resistance remains a considerable challenge in 
guiding patient stratification and treatment selection.

The ubiquitin- proteasome system plays a critical role 
in regulating protein degradation.6 E3 ubiquitin ligases 
are important regulatory factors involved in the develop-
ment of various cancers.7 Research has highlighted the 
involvement of tumor- intrinsic E3 ligases in regulating 
PD- L1 expression and macrophage infiltration, under-
scoring the importance of the ubiquitin system in anti-
tumor immunity. Membrane- associated ring- CH- type 
finger 3 (MARCHF3) belongs to the MARCHF protein 
family of MARCH ligases.8–10 Ubiquitination of the inter-
leukin (IL)- 6 receptor by MARCHF3 has been reported to 
inhibit the initiation and progression of colitis- associated 
cancer.11 Furthermore, our previous study revealed that 
MARCHF3 suppresses HCC cell invasion and metastasis 
by ubiquitinating and degrading GRB2.12 This obser-
vation suggests a potential role for MARCHF3 in HCC 
development. However, whether MARCHF3 expression 
in tumors influences antitumor immunity remains largely 
unexplored.

In this study, we observed the upregulation of 
MARCHF3 in response to anti- programmed cell death 
protein- 1 (PD- 1) therapy, along with its substantial 
impact on the immune landscape of the HCC microen-
vironment. Importantly, MARCHF3 ubiquitinated and 
degraded PARP1, resulting in increased cytosolic double- 
strand DNA (dsDNA) production. This accumulation, 
in turn, activated the cGAS- STING signaling pathway in 
dendritic cells (DCs), leading to the remodeling of the 
tumor microenvironment (TME) in HCC model mice. 
These findings provide a theoretical basis for increasing 
the efficacy of HCC treatment through combination 
therapy with anti- PD- 1 therapy and olaparib.

MATERIALS AND METHODS
Human HCC specimens
HCC was diagnosed using clinical criteria or histology, 
and the response to treatment was evaluated using the 
modified Response Evaluation Criteria in Solid Tumors.13 
Patients with HCC classified as having stable disease or a 
partial response for more than 6 months were categorized 
as responders, whereas those with progressive disease were 
deemed non- responders. RNA transcriptome sequencing 
was conducted on tissue samples from six responders and 
six non- responders. The tissue microarray was prepared 
under denaturing conditions, as previously described.12

In vivo experiments
6–8- week- old C57BL/6J mice were purchased from the 
Translational Medical Center at Yangzhou University. 
Sting−/−, Cgas−/−, and OT- 1 mice were purchased from 
GemPharmatech. All the mice were bred in SPF- level 
animal facilities and used in accordance with the guide-
lines for animal care and use set forth by the Committee 

on Animal Experimentation. The Animal Utilization 
Committee of Yangzhou University approved this study. 
C57BL/6 mice (male, 6–8 weeks old, weighing approxi-
mately 19–21 g) were subcutaneously injected with 4×106 
Hepa1- 6 cells resuspended in 100 µL of phosphate- 
buffered saline (PBS) to induce tumor growth. The 
tumor volume was determined by measuring the length 
and width of the subcutaneous tumors using calipers and 
calculated using the formula (length×width2)/2. Animals 
that showed signs of distress or had a maximum tumor 
diameter >1.5 cm were euthanized. For the orthotopic 
tumor model, the mice were anesthetized with isoflu-
rane, and 3×105 Hepa1- 6 cells were inoculated into the 
liver parenchyma under sterile conditions. For cell injec-
tions, a 20 µL suspension of Hepa1- 6 cells was mixed with 
matrix gel and injected into the liver using a microsy-
ringe. Adequate analgesia was provided during and after 
surgery.

Cells
The MHCC- 97H, HUH7, PLC, SK- Hep- 1, HCCLM3, 
Hepa1- 6, EMT6, LLC, and Pan02 cell lines were obtained 
from the Cell Bank of the Chinese Academy of Sciences 
(CTCC, Shanghai, China). These cell lines were cultured 
in DMEM (Gibco, USA) supplemented with 10% FBS 
(Gibco, USA) and 1% penicillin/streptomycin (Thermo) 
at 37°C in a humidified atmosphere containing 5% CO2.

Multiplex immunohistochemistry and immunofluorescence 
staining
All the tissue samples were evaluated by two indepen-
dent experienced pathologists. Paraffin- embedded 
human HCC tissues were cut into 5 µm sections for tissue 
microarray staining. The sections were stained with anti-
bodies against human CD4 (1:200), CD8 (1:200), CD163 
(1:200), CD11c (1:200), CD56 (1:200), and MARCHF3 
(1:50, Abcam), followed by an incubation with HRP- 
conjugated anti- mouse or anti- rabbit IgG (Panovue) and 
a 7- plex IHC kit (PPD 520/540/570/620/650/690/DAPI 
(Panovue)). Positive cells were detected using the Vectra 
3 automated quantitative pathology imaging system 
(Vectra 3, Akoya Biosciences) and analyzed with inForm 
software (PerkinElmer).

The cells were cultured on sterile glass coverslips for 
48 hours, fixed with 4% paraformaldehyde for 10 min 
and permeabilized with 0.1% Triton X- 100 for 5 min. 
After blocking for 1 hour, the membranes were sequen-
tially incubated with primary and secondary antibodies. 
Following the incubation, the cells on the coverslips were 
washed and mounted with an antifade mounting medium 
containing DAPI (Beyotime). Images were captured using 
a fluorescence confocal microscope.

Co-immunoprecipitation and mass spectrometry
Cells were lysed with co- immunoprecipitation (co- IP) 
buffer containing proteinase, RNase, and phosphatase 
inhibitors and centrifuged at 12,000 rpm for 8 min to 
assess the interaction between MARCHF3 and PARP1. 
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The cell lysate was then incubated with a MARCHF3 anti-
body for 12 hours, followed by the addition of 50 µL of 
magnetic beads and further incubation for 3 hours. After 
the magnetic beads were separated using a magnetic 
rack, they were washed with PBS and then mixed with 
SDS sample buffer for western blot analysis. The mass 
spectrometry (MS) analysis was conducted by GeneChem 
Biotechnology (China). The antibodies used are listed in 
online supplemental table 1.

In vivo and in vitro ubiquitination assays
The Flag- MARCHF3, HA- PARP1, and Myc- UB lysine 
mutant plasmids were transfected into HEK293T cells 
using a HighGene Transfection reagent (Abclon). 
48 hours after transfection, the cells were treated with 
10 µM MG132 (MCE) for 6 hours. The cell lysates 
were subsequently collected. Co- IP experiments were 
performed with the cell lysates, followed by western blot-
ting to detect ubiquitin and other proteins.

Chromatin immunoprecipitation-qPCR assay
First, 6×106 cells were crosslinked with 1% formalde-
hyde for 10 min and then quenched with 0.2 g of glycine. 
Chromatin immunoprecipitation (ChIP) was performed 
using a ChIP kit (Cell Signaling Technology, USA). The 
chromatin was digested, and the DNA was sonicated to 
generate 200–800 bp fragments. The cells were incubated 
with an anti- ATF4 antibody (CST, USA) for 12 hours. The 
DNA- protein complexes were purified with magnetic 
beads. The eluted DNA was analyzed by PCR to elucidate 
whether ATF4 transcriptionally regulated MARCHF3.

Luciferase reporter assay
The experimental plasmids used were pGL4.10, pGL4.10- 
MARCH3 promoter (WT), pGL4.10- MARCH3 promoter 
(MUR), pcDNA3.1(+)- MCS- 3xFLAG, pcDNA3.1(+)- 
ATF4- 3xFLAG, and pRL- CMV.

The cells were seeded into a 96- well plate at 70% 
confluence. The cells were transfected with luciferase 
reporter gene plasmids and transcription factor gene 
plasmids 24 hours later, with each sample prepared in 
triplicate wells. For the transfection of plasmids into 
a 96- well plate, the ratio per well was as follows: firefly 
luciferase vector/Renilla luciferase vector/transfection 
reagent=0.1 µg:0.005 µg:0.5 µL. The concentrations of the 
transcription factor plasmid and control plasmid were 
0.1 µg. The DNA and transfection reagent were diluted 
and incubated at room temperature for 5 min. The 
diluted DNA and transcription factor vectors were mixed 
separately with the transfection reagent and incubated at 
room temperature for 20 min. Then, 50 µL of the medium 
was removed from each well, and 50 µL of plasmid trans-
fection mixture was added to each well- containing cells. 
Six hours after transfection, the medium was replaced 
with a fresh complete culture medium. 48 hours after 
the cotransfection of plasmids, the culture medium was 
discarded, and the cells were washed once with 100 µL of 
1×PBS. The 96- well plate was removed, and the remaining 

PBS was aspirated. Next, 5X passive lysis buffer (PLB) was 
diluted to 1×PLB with deionized water, and the mixture 
was equilibrated to room temperature before use. Then, 
50 µL of diluted 1X PLB was added to each well and 
shaken on a shaker at room temperature for 15 min to 
lyse the cells. Subsequently, 5 µL of the supernatant from 
each step was added to each well of an opaque white 
96- well assay plate, followed by the addition of 50 µL of 
premixed LAR II. The data were collected after 2 s. Then, 
50 µL of premixed Stop & Glo Reagent was added to each 
well, and the data were collected after 2 s of incubation.

Isolation and culture of bone marrow-derived dendritic cells
Bone marrow was extracted from the tibiae and femurs 
collected from C57BL/6 mice, and the tissues were rinsed 
with PBS. Bone marrow cells were cultured in RPMI 1640 
medium supplemented with 10% FBS, GM- CSF (20 ng/
mL), and IL- 4 (10 ng/mL) for 6–8 days at 37°C and 5% 
CO2 to induce their differentiation into bone marrow- 
derived dendritic cells (BMDCs).

Flow cytometry analysis
After the experimental mice were anesthetized, they 
were euthanized, and tumor tissues were collected. The 
tissues were ground and filtered to obtain a single- cell 
suspension. Subsequently, immune cells were purified 
using Percoll gradients (from Sorb, Shanghai). After 
washes with PBS and counting, approximately 2×106 cells 
were collected as one experimental group for further 
experiments. The cells were stained with antibodies and 
Fc- blocking reagents (BioLegend) on ice for 30 min. 
Staining for intracellular interferon (IFN)-γ and Gran-
zyme B (GZMB) required permeabilization with 0.1% 
Triton X- 100, followed by staining with the antibodies for 
90 min. After staining, the samples were analyzed using a 
Fortessa flow cytometer (BD), and the data were analyzed 
using FlowJo V.10.6.

Extracellular dsDNA detection
After centrifugation at 5,000 rpm for 5 min at 4°C, the 
supernatant was collected for dsDNA quantification. 
According to the manufacturer’s protocol, the dsDNA 
concentration in the supernatant was determined using 
PicoGreen (Invitrogen).

ELISA
The levels of IFN-γ, GZMB, IFN-β, and CXCL10 in the 
cell culture supernatants were measured with ELISA kits 
according to the manufacturer’s instructions. The ELISA 
kits used are listed in online supplemental table 2. The 
antibodies and primers used are listed in online supple-
mental table 1.

Statistical analysis
SPSS V.23.0 (IBM, USA) and GraphPad Prism V.9.0 were 
used to analyze significant differences. Statistical analyses 
were conducted using a variety of methods. Clinical char-
acteristics were examined using the χ2 test. Differences 
between the two groups were assessed using Student’s 
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t- test. Spearman’s correlation coefficients were calculated 
to evaluate correlations. For comparisons among three or 
more groups, one- way analysis of variance was used. Both 
single- factor and multifactor Cox regression analyses were 
employed to identify independent prognostic factors for 
HCC. Survival rates were assessed using Kaplan- Meier 
analysis. A p value<0.05 was considered to indicate statis-
tical significance, with *p<0.05, **p<0.01, and ***p<0.001 
indicating significance.

RESULTS
MARCHF3 expression influences immunotherapy efficacy and 
tumorigenesis in HCC
We analyzed the transcriptomic profiles of HCC tumors 
from patients with varying responses to immune check-
point inhibitors (ICIs) to explore the impact of E3 ubiq-
uitin ligases on the response of patients with HCC to 
ICIs. The differentially expressed genes were primarily 
involved in DC antigen processing and presentation 
and the response to IFN-γ (figure 1A–C). These find-
ings imply that patients with HCC who are responsive to 
ICIs generally exhibit immunologically active processes, 
wherein the regulation of antigen processing and presen-
tation may influence the response of patients with HCC 
to ICIs. Notably, among a subset of dysregulated E3 ubiq-
uitin ligases (MARCHF3, USP16, RNF130, and TRIM25), 
MARCHF3 was significantly correlated with immune cell 
infiltration (online supplemental figure 1 A–D). Addi-
tionally, immunohistochemistry (IHC) staining revealed 
markedly higher levels of MARCHF3 in tumor tissues 
from responders than in those from non- responders 
(online supplemental figure 1E). Furthermore, the over-
expression of MARCHF3 significantly inhibited tumor 
growth in mice, particularly after the administration of 
ICIs, indicating that MARCHF3 overexpression sensitizes 
tumors to ICIs (figure 1D–F and online supplemental 
figure 1F–G).

Furthermore, qRT- PCR, western blotting, and IHC 
staining revealed significantly lower MARCHF3 levels 
in tumor tissues than in paired peritumoral tissues 
(figure 1G‒J). In our cohort, patients with HCC with high 
MARCHF3 expression experienced longer overall survival 
(OS) and disease- free survival (DFS) (figure 1K–L). 
Furthermore, the multivariate Cox regression analysis 
revealed that low MARCHF3 expression was an indepen-
dent adverse predictor of OS and DFS in patients with 
HCC (figure 1M–N). These findings indicate a close 
association between MARCHF3 expression and the prog-
nosis, as well as the response of patients with HCC to 
immunotherapy.

MARCHF3 reshapes the immune landscape of the HCC TME
We subsequently investigated whether changes in 
MARCHF3 levels can reshape the TME of HCC. 
Single- sample gene set enrichment analysis (ssGSEA) 
revealed that patients with HCC in both cohorts with 
high MARCHF3 expression presented increased 

immunoreactivity, which is indicative of immunologi-
cally “hot” tumors (online supplemental figure 2A–B). 
MARCHF3 levels were often accompanied by increased 
lymphocyte infiltration in the TME (online supplemental 
figure 2C). Additionally, we employed multiplex immu-
nohistochemistry (mIHC) to detect CD4+, CD8+, CD11c+, 
CD56+, and CD163+ cells in these HCC tissues. The find-
ings revealed that tumors displaying increased MARCHF3 
expression levels presented increased infiltration of 
CD4+ and CD8+ T cells, as well as CD11c+ DCs, whereas 
no significant differences were detected in the propor-
tions of other immune cells, including CD56+ natural 
killer (NK) cells and CD163+ macrophages, indicating 
increased antitumor immunity (figure 2A and online 
supplemental figure 2D).

Additionally, the flow cytometry analysis revealed 
the enrichment of CD8+ T and CD4+ T cells in March3- 
overexpressing tumors (figure 2B). Previous studies have 
underscored the role of adaptive immune responses in 
the antitumor effects of immunotherapy.14 We simulta-
neously overexpressed March3 and used antibodies to 
deplete CD8+ or CD4+ T cells to elucidate the specific role 
of T cells in mediating the antitumor effect of MARCHF3. 
We found that the depletion of CD4+ T cells had no 
significant effect on tumor growth, despite March3 
overexpression. However, the depletion of CD8+ T cells 
significantly abrogated the antitumor effect of March3 
overexpression (figure 2D–F and online supplemental 
figure 1H). Considering the important roles of NK cells 
in antitumor immunity, we also explored whether the 
antitumor effects of MARCHF3 depend on NK cells. The 
results showed that NK cell depletion did not affect the 
tumor- suppressive effects of MARCHF3 (online supple-
mental figure 2E). Furthermore, the flow cytometry 
analysis revealed an increased percentage of functional 
CD8+ T cells (INF-γ+CD8+; GZMB+CD8+) in March3- 
overexpressing tumors (figure 2C and online supple-
mental figure 2F). Collectively, these findings suggest 
that CD8+ T cells play a crucial role in mediating the anti-
tumor effects of MARCHF3.

Furthermore, we investigated the impact of MARCHF3 
overexpression on CD8+ T cells and established a co- cul-
ture model by culturing March3- overexpressing Hepa1- 
6- OVA cells with CD8+ T cells. However, co- culturing 
March3- overexpressing Hepa1- 6- OVA cells with CD8+ 
T cells from OT- 1 mice did not increase CD8+ T- cell- 
mediated killing (online supplemental figure 2G). Simi-
larly, in vitro cytotoxicity assays revealed that increasing 
the levels of March3 in Hepa1- 6- OVA cells did not impair 
the secretion of IFN-γ or GZMB from CD8+ T cells (online 
supplemental figure 2H–I), suggesting that the overex-
pression of MARCHF3 did not directly increase CD8+ 
T- cell activation.

Antigen cross- presentation by DCs or macrophages is 
the primary mechanism by which tumor- specific CD8+ 
T cells are activated.15 16 We depleted DCs in vivo using 
cytochrome c (Cyt c) and removed macrophages using 
clodronate liposomes to elucidate the roles of DCs and 
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Figure 1 MARCHF3 affects the patient response to ICIs and is correlated with better outcomes. (A) Heatmap showing the 
differentially expressed genes between responders and non- responders to ICIs. (B) Volcano plot of the differentially expressed 
genes between ICI responders and non- responders. (C) GO analyses of the DEGs. (D) Scheme of the experimental procedure. 
(E) Tumor burdens in C57BL/6 mice subcutaneously injected with control vector or March3- overexpressing Hepa1- 6 cells and 
treated with anti- PD- 1 antibodies. (F) In vivo imaging systems were used to measure the fluorescence intensity in HCC tumors. 
(G) The mRNA expression of MARCHF3 in HCC tissues, presented as log(T/N) values. (H–I) Representative image of IHC 
staining showing MARCHF3 expression in HCC tumors and matched adjacent tissues. Scale bar, 40µm. (J) Protein imprinting 
analysis revealed the expression of the MARCHF3 protein in HCC tumors and matched adjacent tissues. (K) Kaplan- Meier OS 
and (L) DFS curves for patients with HCC in the high and low MARCHF3 expression tissue microarray cohorts. (M) Univariate 
and (N) multivariate analyses of factors associated with OS and DFS. Scale bar: 100 mm (top panel). **p<0.01, Student’s t- 
test. DFS, disease- free survival; GO, Gene Ontology; HCC, hepatocellular carcinoma; ICI, immune checkpoint inhibitor; IHC, 
immunohistochemistry; MARCHF3, membrane- associated ring- CH- type finger 3; MHC, major histocompatibility complex; 
mRNA, messenger RNA; OS, overall survival; PD- 1, programmed cell death protein- 1.
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Figure 2 MARCHF3 reshaped the tumor microenvironment by inducing DC maturation and CD8+ T- cell activation. 
(A) Representative multiplex immunohistochemistry staining results for CD4, CD8, CD11c, CD56, and CD163 in the MARCHF3 
high- expression or low- expression groups (scale bar, 50 µm). (B) Flow cytometry analysis of the profiles of infiltrating immune 
cells, including CD8+ T cells and CD4+ T cells, in tumor tissue. (C) Detection of the cytotoxic activities of CD8+ IFN-γ+ T cells 
in the MARCHF3 and WT groups by flow cytometry. (D) Schematic representation of the experimental procedure. (E–F) Tumor 
burdens in C57BL/6 mice subcutaneously injected with tumor cells and administered anti- CD4 or anti- CD8 antibodies. 
(G) Scheme of the experimental procedure. C57BL6 mice bearing control vector- overexpressing or March3- overexpressing 
Hepa1- 6 tumors were treated with phosphate- buffered saline or Cyt c (depleted DCs). (H) Macroscopic images and (I) average 
volumes are shown as the means±SDs. n=4 mice per group. (J–K) Flow cytometry analysis of CD86+ CD11c+ DCs (G) and 
MHC- I+ CD11c+ DCs (H) in the MARCHF3 and WT groups. Cyt c, cytochrome c; DC, dendritic cell; IFN, interferon; MARCHF3, 
membrane- associated ring- CH- type finger 3; MHC, major histocompatibility complex; WT, wild- type.
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macrophages in the antitumor effects of MARCHF3.17 
Intravenous injections of Cyt c successfully eliminated 
tumor- associated DCs in mice (online supplemental 
figure 3A–B). Furthermore, the depletion of DCs with 
Cyt c abolished the inhibitory effect of MARCHF3 
expression on tumor growth (figure 2G–I), whereas 
macrophage depletion did not alter the inhibitory effect 
(online supplemental figure 3C). These findings indicate 
that antigen presentation by DCs plays a crucial role in 
MARCHF3- mediated antitumor activity. Furthermore, the 
ssGSEA performed in this study revealed that patients with 
HCC in both cohorts with increased MARCHF3 expres-
sion presented elevated DC activation scores (online 
supplemental figure 3D). Moreover, the flow cytom-
etry analysis further indicated an increased percentage 
of activated DCs (CD86+CD11c+; MHC- I+CD11c+) in 
March3- overexpressing tumors (figure 2J–K). Taken 
together, these results suggest that MARCHF3 can inhibit 
tumor growth through DC- dependent and CD8+ T- cell- 
dependent mechanisms.

MARCHF3 suppresses the DNA damage response to activate 
antitumor immunity
We conducted RNA sequencing analysis to identify differ-
entially expressed genes in tumors overexpressing either 
March3 or the control vector and to investigate how 
MARCHF3 regulates tumor cell responses to ICIs. RNA 
sequencing revealed 1,588 downregulated genes and 
802 upregulated genes in March3- overexpressing tumors 
compared with those in tumors expressing the control 
vector (figure 3A). Gene Ontology analysis indicated that 
the dfferentially expressed genes (DEGs) were involved 
primarily in double- strand break (DSB) repair, myeloid 
cell differentiation, and T- cell differentiation (figure 3B). 
Importantly, the pathway enrichment analysis revealed 
significant activation of the cytosolic DNA- sensing 
pathway in March3- overexpressing tissues (figure 3C). 
Notably, disrupted DNA repair may exacerbate DNA 
damage, particularly DSBs.18

Thus, we assessed whether MARCHF3 affects DNA repair. 
We overexpressed MARCHF3 in Huh7 cells and knocked 
down MARCHF3 in HCCLM3 cells (online supplemental 
figure 4A). Western blot and immunofluorescence (IF) 
analyses confirmed an increase in the level of γH2AX, a 
sensitive molecular marker of DNA damage and repair, in 
cells overexpressing MARCHF3 (figure 3D–E and online 
supplemental figure 4C). Changes in γH2AX focus forma-
tion were subsequently measured. 24 hours after the 
cessation of oxaliplatin (10 µmol/L) treatment, control 
cells presented significantly fewer γH2AX foci than cells 
expressing MARCHF3 (figure 3F–G). Moreover, comet 
assays revealed that DSB repair occurred within 1 hour, 
while cells overexpressing MARCHF3 accumulated more 
DSBs (online supplemental figure 4B). DNA damage 
leads to the accumulation of cytosolic DNA, which serves 
as the initial factor activating cytoplasmic DNA- sensing 
pathways.19 Following dsDNA antibody staining, we 
observed that overexpression of MARCHF3 increased the 

amount of cytoplasmic dsDNA in Huh7 cells after oxal-
iplatin treatment (online supplemental figure 4D). Simi-
larly, dsDNA release into the supernatant was elevated 
in MARCHF3- overexpressing Huh7 cells (online supple-
mental figure 4G). However, this effect was reversed by 
knocking out MARCHF3 (online supplemental figure 4 
E–G). In summary, these results suggest that the overex-
pression of MARCHF3 inhibits the activation of the DSB 
repair pathway. Additionally, the cGAS- STING pathway is 
a critical component of the innate immune response acti-
vated by pathogenic DNA.20 DNA derived from tumors 
can trigger the cGAS/STING pathway, leading to the 
activation of the IFN- I pathway.21 Previous research has 
shown that the cGAS- STING pathway plays a key role in 
increasing the cross- priming capacity of DCs and activating 
tumor- specific CD8+ T cells.22 Therefore, we speculated 
that MARCHF3 might mediate cGAS- STING activation 
to regulate antitumor immunity in HCC. We inoculated 
tumors into Cgas−/− and Sting−/− knockout mice to inves-
tigate this possibility. While March3 overexpression effec-
tively controlled tumor growth in wild- type (WT) mice, its 
effects were completely abrogated in Cgas−/− and Sting−/− 
mice (figure 4A‒C), suggesting an essential role for host 
cGAS- STING signaling. Since HCC cells exhibit low 
expression of cGAS (online supplemental table 3), our 
research focused on the cGAS- STING pathway in DCs.

We next treated vector- overexpressing and March3- 
overexpressing Hepa1- 6 cells with oxaliplatin and co- cul-
tured them with BMDCs for 4 hours. We subsequently 
isolated DCs and detected cytosolic dsDNA (figure 4D). 
We observed significant activation of cGAS- STING 
pathway- related genes, including TBK1 and IRF3, in these 
BMDCs. However, no changes in the levels of phosphor-
ylated TBK1 or IRF3 were detected in Cgas−/− or Sting−/− 
mice (figure 4E). Additionally, we detected an increase in 
dsDNA levels in the DCs of mice overexpressing March3, 
suggesting that dsDNA from the tumors entered the host 
DCs (figure 4F).

We extracted BMDCs from WT, Sting−/−, and Cgas−/− 
mice for qRT- PCR, ELISA, and flow cytometry exper-
iments to confirm whether the ability of March3 
overexpression to promote the activation of the type I IFN 
production pathway in DCs depends on cGAS/STING. 
As expected, following the induction of DNA damage 
by the overexpression of March3, the messenger RNA 
(mRNA) expression of Cxcl10, Ifnb, Ccl5, and Isg15 was 
upregulated in WT BMDCs (online supplemental figure 
5A), accompanied by a significant increase in the produc-
tion of CXCL10 and IFN-β in the cell culture superna-
tant (figure 4G–H). Interestingly, in the cGAS- deficient 
mice, no significant changes in the mRNA levels of these 
genes were observed in either group (figure 4G–H and 
online supplemental figure 5B). Similar results were also 
observed in Sting−/− BMDCs (figure 4G–H and online 
supplemental figure 5C).

We further validated the role of MARCHF3 in DC matu-
ration and CD8+ T- cell activation through cell co- culture 
experiments. Upregulation of March3 in Hepa1- 6 cells led 
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to increased expression of maturation markers, including 
MHC- I and CD86, on the surface of BMDCs (figure 4I–J 
and online supplemental figure D). Moreover, the expres-
sion of cytotoxic markers, including IFN-γ and GZMB, on 

the surface of CD8+ T cells increased (figure 4K–L and 
online supplemental figure 5E). Similarly, we observed no 
significant differences between March3- overexpressing 
Sting–/– and Cgas–/– mice (figure 4I‒L and online 

Figure 3 MARCHF3 inhibited DNA repair after DNA damage. (A) Heatmap displaying the differentially expressed genes 
between vector- treated and MARCHF3- overexpressing tumor tissues. (B) GO and (C) KEGG pathway enrichment analyses of 
the differentially expressed genes. (D–E) Western blot analysis of rH2AX expression in (D) Huh7 cells and (E) HCCLM3 cells. (F–
G) The number of rH2AX foci in (F) Huh7 and (G) HCCLM3 cells. Scale bars, 50 µm. GO, Gene Ontology; IL, interleukin; KEGG, 
Kyoto Encyclopedia of Genes and Genomes; MARCHF3, membrane- associated ring- CH- type finger 3; TNF, Tumor necrosis 
factor.

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 20, 2025
 

h
ttp

://jitc.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
27 N

o
vem

b
er 2024. 

10.1136/jitc-2024-010157 o
n

 
J Im

m
u

n
o

th
er C

an
cer: first p

u
b

lish
ed

 as 

https://dx.doi.org/10.1136/jitc-2024-010157
https://dx.doi.org/10.1136/jitc-2024-010157
https://dx.doi.org/10.1136/jitc-2024-010157
http://jitc.bmj.com/


9Cao J, et al. J Immunother Cancer 2024;12:e010157. doi:10.1136/jitc-2024-010157

Open access

Figure 4 MARCHF3 triggered DC cCAS- STING activation to regulate antitumor immunity in HCC. (A–C) Macroscopic images 
(A), average tumor volumes (B) and average tumor weights (C) in WT, Cgas−/−, and Sting−/− mice in the MARCHF3 and vector 
groups. (D) Scheme of the experimental procedure. (E) Western blot analysis was conducted to assess the expression of 
proteins in the cGAS- STING pathway in DCs from WT, Cgas−/−, and Sting−/− mice. (F) DCs from the WT and MARCHF3 groups 
were subjected to dsDNA (red) and nuclear (DAPI) immunofluorescence staining. Scale bar, 20µm. (G–H) ELISAs were used to 
determine the (G) IFN-β and (H) CXCL10 levels in the supernatants of WT, Cgas−/−, and Sting−/− mouse DCs. (I–J) FC analysis of 
(I) CD86+ CD11c+ DCs and (J) MHC- I+ CD11c+ DCs from WT, Cgas−/−, and Sting−/− mice. (K) IFN-γ+ CD8+ T cells and (L) GZMB+ 
CD8+ T cells among CD8+T cells from WT, Cgas−/−, and Sting−/− mice were detected using flow cytometry. BMDC, bone 
marrow- derived dendritic cell; DAPI, 4',6- diamidino- 2- phenylindole; DC, dendritic cell; dsDNA, double- strand DNA; GZMB, 
Granzyme B; HCC, hepatocellular carcinoma; IFN, interferon; MARCHF3, membrane- associated ring- CH- type finger 3; MHC, 
major histocompatibility complex; WT, wild- type.
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supplemental figure 5D–E). In summary, these data indi-
cate that the overexpression of March3 in Hepa1- 6 cells 
effectively promotes DC maturation and enhances CD8+ 
T- cell function, leading to increased CD8+ T- cell- mediated 
killing. Additionally, this process relies on the activation 
of the cGAS/STING pathway in DCs.

MARCHF3 promotes PARP1 degradation by increasing its K48-
linked ubiquitination
We further investigated the molecular mechanisms by 
which MARCHF3 inhibits the DNA damage response 

by performing IP- MS to screen for potential molecules 
interacting with MARCHF3. Interestingly, PARP1 was 
identified in the list of molecules (figure 5A and online 
supplemental table 4). Furthermore, PARP1 is known to 
be a key factor involved in DNA damage repair in tumor 
cells.23 Therefore, we believe that PARP1 is a potential 
target of MARCHF3.

Co- IP and IF analyses revealed that MARCHF3 and 
PARP1 were both localized in the nuclei of HCC cells 
(figure 5B–D). Additionally, the results of the GST 

Figure 5 MARCHF3 interacted with PARP1. (A) Silver staining of eluates resolved by SDS- PAGE. (B–C) Co- 
immunoprecipitation assays showing the interaction of MARCHF3 with PARP1 in (B) Huh7 and (C) PLC cells. 
(D) Immunofluorescence assays showing the interaction and nuclear colocalization of MARCHF3 with PARP1 in hepatocellular 
carcinoma cells. Scale bar, 20 µm. (E–F) The interaction between MARCHF3 and PARP1 was assayed via GST precipitation, 
and purified GST was used as the control. (G) Domain structures of MARCHF3 and the MARCHF3 deletion mutants used in the 
study. (H) The domain of MARCHF3 that interacts with PARP1. (I) Domain structures of the PARP1 and deletion mutants used 
in the study. (J) The domain of PARP1 that interacts with MARCHF3.GST, Glutathione- S- transferase; IP, immunoprecipitation; 
MARCHF3, membrane- associated ring- CH- type finger 3; PARP1, Poly [ADP- ribose] polymerase 1; SDS- PAGE, Sodium dodecyl 
sulfate polyacrylamide gel electrophoresis.
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pulldown assay confirmed a direct interaction between 
MARCHF3 and PARP1 (figure 5E–F). We subsequently 
characterized the interaction between MARCHF3 and 
PARP1. Co- IP assays using truncated MARCHF3 or PARP1 
proteins lacking different structural domains revealed 
that the TR2 domain of MARCHF3 (167–204) is required 
for binding to PARP1 (figure 5G–H) and that the BRCT 
domain (203–476) of PARP1 is required for binding to 
MARCHF3 (figure 5I–J).

Next, considering that MARCHF3 is an E3 ligase, we 
investigated whether MARCHF3 regulates the degra-
dation of PARP1. The results revealed that MARCHF3 
did not affect the PARP1 mRNA level, suggesting that 
MARCHF3 may regulate the post- translational modifica-
tion of PARP1 (figure 6A–B). However, PARP1 protein 
expression decreased in HCC cells with high MARCHF3 
expression, whereas MARCHF3 knockdown increased 
the PARP1 protein level (figure 6C–D). Treatment with 
the proteasome inhibitor MG132 abrogated the decrease 
in PARP1 levels induced by MARCHF3 overexpression 
(figure 6E). Moreover, the downregulation of MARCHF3 
resulted in a more significant increase in MG132- induced 
PARP1 expression (figure 6F). Cycloheximide treatment 
shortened the half- life of the PARP1 protein in Huh7- 
MARCHF3 cells (figure 6G), whereas MARCHF3 knock-
down stabilized the PARP1 protein in HCCLM3 cells 
(figure 6H). Additionally, compared with their corre-
sponding control cells, Huh7- MARCHF3 cells presented 
increased levels of PARP1 ubiquitination (figure 6I), 
whereas the level of PARP1 ubiquitination decreased 
in HCCLM3- MARCHF3 cells (figure 6J). Furthermore, 
mutations in the TR2 domain of MARCHF3 or the BRCT 
domain of PARP1 reduced the level of ubiquitinated 
PARP1 (figure 6K–L). We constructed a series of ubiq-
uitin lysine mutants (K6, K11, K27, K29, K33, K48, and 
K63) and then conducted a ubiquitination analysis to 
determine the specific type of ubiquitination induced by 
MARCHF3 (figure 6M). We found that MARCHF3 could 
ubiquitinate and induce PARP1 degradation by the prote-
asome by inducing K48- linked ubiquitination (figure 6N). 
These results suggest that MARCHF3 participates in the 
ubiquitin- mediated degradation of PARP1.

Overexpression of PARP1 abrogates the antitumor immune 
effect of MARCHF3 in vitro
We validated the role of MARCHF3 in regulating PARP1 
and exerting antitumor immune effects by conducting 
rescue experiments in which Huh7 or PLC cells were 
divided into three groups: negative control, MARCHF3, 
and MARCHF3+PARP1. The results revealed that the 
overexpression of MARCHF3 increased the formation of 
γH2AX foci, a hallmark of DNA damage, and the expres-
sion of γH2AX in cells treated with oxaliplatin; however, 
these changes were abrogated by the overexpression 
of PARP1 (online supplemental figure 6A–D). Comet 
assays revealed that the level of DNA damage remained 
high in MARCHF3- overexpressing cells, consistent with 
delayed DNA repair in MARCHF3- overexpressing cells. 

Furthermore, the overexpression of PARP1 reversed this 
DNA damage (online supplemental figure 6E–G). These 
findings revealed that MARCHF3 regulates the DSB repair 
process by targeting PARP1 for ubiquitination. Based on 
the results described above, we constructed a cell co- cul-
ture system of Hepa1- 6 cells and BMDCs (online supple-
mental figure 7A). March3 overexpression increased 
the amount of dsDNA in BMDCs, which was abrogated 
by PARP1 overexpression (online supplemental figure 
7B). Additionally, we found that PARP1 overexpression 
significantly inhibited the type I IFN production pathway 
in DCs in a manner dependent on cGAS/STING (online 
supplemental figure 7C–F), as well as DC maturation and 
CD8+ T- cell function (online supplemental figure 7G–H). 
Collectively, these findings indicate that MARCHF3 can 
promote antitumor immunity through PARP1.

MARCHF3 expression is induced by endoplasmic reticulum 
stress and is transcriptionally activated by ATF4
We used ssGSEA to compare the hallmark scores of 
patients with HCC with high and low MARCHF3 expres-
sion and to explore the specific regulatory mechanism 
of MARCHF3. The results revealed a significant positive 
correlation between MARCHF3 expression and endo-
plasmic reticulum (ER) stress (online supplemental 
figure 8A). Given that MARCHF3 is predominantly 
distributed in the ER, we speculate that a regulatory 
relationship may exist between ER stress and MARCHF3 
expression.24 25 Neither the upregulation nor the down-
regulation of MARCHF3 expression in HCC cells affected 
the mRNA expression levels of ATF4, GRP78, or ATF6 
(online supplemental figure 8B–C). Interestingly, we 
found that thapsigargin and tunicamycin induced an 
increase in MARCHF3 expression, indicating that ER 
stress may be among the important causes of the tran-
scriptional activation of MARCHF3 in HCC (online 
supplemental figure 8D–F). ER stress primarily affects 
three transcription factors (ATF4, ATF6, and XBP1), 
which activate downstream effector molecules to coun-
teract stress and restore ER homeostasis.26 Therefore, 
we focused on the roles of ATF6, XBP1, and ATF4 in the 
transcriptional regulation of MARCHF3. A significant 
positive correlation was detected between MARCHF3 
and ATF4 expression, whereas no significant correlation 
was detected between MARCHF3 and ATF6 or XBP1 
expression (online supplemental figure 8G–H). There-
fore, we speculate that ATF4 may transcriptionally regu-
late the expression of MARCHF3. The use of E235 (an 
ATF4- specific activator) or the overexpression of ATF4 
significantly upregulated the expression of MARCHF3 
(online supplemental supplemental figure 9A–D). We 
subsequently performed a bioinformatics analysis to 
screen four binding sites located in the promoter region 
of the MARCHF3 gene (online supplemental figure 9E). 
ChIP confirmed that ATF4 directly bound to site 1 within 
the MARCHF3 promoter and that the deletion of this 
site completely attenuated the transcriptional activation 
of MARCHF3 by ATF4, as revealed by a luciferase assay 
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Figure 6 MARCHF3 ubiquitinated PARP1. (A–B) MARCHF3 expression did not affect PARP1 mRNA expression in (A) Huh7- 
MARCHF3 and (B) HCCLM3- shMARCHF3 cells. (C–D) Western blot analysis of the effect of MARCHF3 on PARP1 protein 
levels in (C) Huh7 and (D) PLC cells. (E–F) Western blot analysis of PARP1 levels in (E) Huh7- MARCHF3 and (F) HCCLM3- 
shMARCHF3 cells cultured in the presence of MG132. (G–H) Western blot analysis of the effect of MARCHF3 on the half- life 
of PARP1 in (G) Huh7- MARCHF3 and (H) HCCLM3- shMARCHF3 cells treated with cycloheximide (10 mg/mL) for the indicated 
periods. (I–J) Ubiquitination of PARP1 in Huh7- MARCHF3 cells (I) or HCCLM3- shMARCHF3 cells (J) treated for 6 hours with 
10 µM MG132. (K–L) Ubiquitination of PARP1 in HEK293T cells transfected with Flag1- 176 (K) or HA1- 203 (L) and treated for 
6 hours with 10 µM MG132. (M) A schematic diagram of MARCHF3 and its mutants. (N) Immunoblotting was used to detect the 
ubiquitination of PARP1 mutants in HEK293T cells cotransfected with Myc- UB mutants, Flag- MARCHF3, and HA- PARP1. IP, 
immunoprecipitation; MARCHF3, membrane- associated ring- CH- type finger 3; mRNA, messenger RNA; PARP1, Poly [ADP- 
ribose] polymerase 1; WT, wild- type.
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(online supplemental figure 9F–G). Collectively, these 
results indicate that ATF4 specifically induces MARCHF3 
expression in HCC.

Next, we investigated the correlations among the 
proteins in the ATF4- MARCHF3- PARP1 axis in tumor 
tissues from patients with HCC. The results suggested 
that MARCHF3 expression was significantly positively 
correlated with ATF4 expression and negatively correlated 
with PARP1 expression in consecutive sections of HCC 
tissue from the same patient (online supplemental figure 
9H). Overall, ATF4, a transcription factor, upregulates 
MARCHF3 expression and promotes the ubiquitination 
of PARP1.

Blocking PARP1 increases the efficacy of anti-PD-1 therapy in 
HCC mouse models
After revealing the impact of MARCHF3 on the regula-
tion of PARP1 and its implications for antitumor immu-
nity, we investigated the clinical significance of targeting 
PARP1 to reshape the immune microenvironment of 
HCC. In subcutaneous and orthotopic model mice, the 
groups treated with both olaparib (a PARP inhibitor) 
combined with anti- PD- 1 therapy presented significant 
tumor suppression compared with the control, olaparib 
alone, and anti- PD- 1 alone groups (figure 7A–C). 
Interestingly, we also investigated the clinical value of 
combination therapy in breast cancer, lung cancer, and 
pancreatic cancer and obtained results similar to those 
observed in HCC (online supplemental figure 1A–C). 
The results of our study are consistent with those of 
previous reports.27–29 Moreover, the mIHC results 
revealed that olaparib increased CD11c+ DC and CD8+ 
T- cell infiltration (figure 7D). Similarly, flow cytometry 
experiments confirmed the restoration of DC maturation 
and improvement in CD8+ T- cell function after olaparib 
treatment (figure 7E–F).

Here, we demonstrated that in HCC, ATF4 transcrip-
tionally upregulates MARCHF3 expression, thereby 
promoting PARP1 ubiquitination. Inhibition of PARP1 
suppresses DNA damage repair in liver cancer cells, while 
tumor- derived dsDNA activates the cGAS/STING pathway 
in DCs, further promoting DC maturation and improving 
the function of cytotoxic CD8+ T cells (figure 7G).

DISCUSSION
Patients with advanced HCC often exhibit poor responses 
to immunotherapy and poor outcomes. Therefore, a 
deeper understanding of the specific mechanisms under-
lying immune evasion in HCC is crucial for increasing 
the efficacy of immunotherapy for HCC. In this study, 
we aimed to elucidate the role of E3 ubiquitin ligases in 
reshaping the immune microenvironment of HCC. While 
previous evidence has highlighted E3 ubiquitin ligases 
as key regulators of tumor progression and immune 
responses,30–32 their potential contributions to cancer 
immune evasion mechanisms remain poorly understood.

Through an analysis of the HCC tumor transcriptomic 
profiles of patients who responded differently to ICIs, we 
observed the significant upregulation of MARCHF3 in 
patients with HCC who responded to immunotherapy. 
Furthermore, we found that MARCHF3 expression in 
tumor cells impacts hepatocarcinogenesis in an immune- 
dependent manner. Previous studies have highlighted 
the role of MARCHF3 in effectively suppressing tumor 
cell proliferation, invasion, and apoptosis in HCC 
and colorectal carcinoma through MAPK and STAT3 
signaling.11 12

However, whether MARCHF3 acts as an immunomodu-
latory factor that exerts antitumor effects requires further 
investigation. In this study, we observed that MARCHF3 
exerts antitumor effects through DC- mediated T- cell 
immunity. Previous studies have shown that DCs activate 
functional CD8+ T cells through antigen presentation, 
thus eliciting anticancer immune responses.33 There-
fore, reactivating DCs in the TME to promote antitumor 
effects holds great clinical value. DCs can be subdivided 
into conventional DCs (cDCs, including the CD8α+ and/
or CD103+ cDC1 subset and the CD11b+ cDC2 subset), 
plasmacytoid DCs (pDCs, CD11− B220+), and monocyte- 
derived DCs (CD14+ CD206+).34 Among them, cDC1s can 
cross- present antigens to CD8+ T cells, thereby promoting 
antitumor immunity.35 Similarly, we found that, compared 
with low MARCHF3 expression, high MARCHF3 expres-
sion in tumor- bearing mice led to increased numbers of 
infiltrating CD86+ CD11c+ DCs. Furthermore, the deple-
tion of cDC1s in mice abrogated the antitumor effect 
mediated by MARCHF3, suggesting that cDC1s play a 
crucial role in MARCHF3- mediated antitumor immunity. 
Other studies have similarly shown that tumor- derived 
cDC1 antigen presentation to CD8+ T cells contributes to 
tumor immunity.36

The cGAS- STING pathway is a crucial type I IFN response 
pathway. When cGAS binds to dsDNA in the cytoplasm, it 
synthesizes cyclic GMP- AMP, which then binds to and acti-
vates the adaptor STING. The activation of this protein 
initiates a cascade of signaling events, resulting in the 
release of IFNs and other immune molecules.37 38 In addi-
tion, DNA damage or genomic instability is an important 
mechanism of cGAS activation. DNA damage leads to the 
formation of dsDNA, which in turn activates the cGAS- 
STING pathway.39 Our data confirmed that MARCHF3 
expression inhibits the DNA damage repair process in 
HCC cells, thereby increasing dsDNA production. Subse-
quently, tumor- derived dsDNA activates the cGAS- STING 
pathway in DCs, ultimately activating DCs and improving 
CD8+ T- cell function. Tumors with disrupted DNA damage 
repair exhibit stronger DC- mediated cross- activation of 
CD8+ T cells. Various treatments, such as chemotherapy, 
radiotherapy, and targeted therapies aimed at DNA repair 
pathways, can induce DNA damage, leading to activation 
of the cGAS- STING signaling pathway.40 41

Various E3 ubiquitin ligases, such as USP7, USP22, and 
USP28, are implicated in tumorigenesis and DNA damage 
processes.42–44 For example, TRIM25 promotes the 
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Figure 7 Blockade of PARP1 potentiated the efficacy of anti- PD- 1 therapy in HCC. (A) Schematic showing the schedule of 
treatment with the anti- PD- 1 antibody and the PARP1 inhibitor olaparib in the HCC model C57BL/6 mice. (B) Subcutaneous 
tumor xenografts in mice. (C) In vivo imaging systems were used to measure the fluorescence intensity in HCC tumors. 
(D) Representative images of multiplex immunohistochemistry staining for CD11c and CD8 in orthotopic HCC tissues. Scale 
bars, 30 µm. (E–F) Flow cytometry analysis of the proportions of infiltrating (E) CD86+ CD11c+ DCs and (F) INF-γ+CD8+ T 
cells in xenograft HCC tissues from each group. (G) ATF4 induced MARCHF3 expression on ER stress. Increased MARCHF3 
expression inhibits PARP1- mediated DNA repair that induces DNA damage and cytoplasmic dsDNA release, leading to 
DC cGAS/STING- dependent activation of type I IFN signaling and thereby reprogramming of the tumor microenvironment. 
Targeting the DNA damage pathway, such as with the PARP1 inhibitor olaparib. Immune checkpoint inhibitor efficacy against 
HCC is potentiated. DC, dendritic cell; dsDNA, double- strand DNA; ER, endoplasmic reticulum; GZMB, Granzyme B; HCC, 
hepatocellular carcinoma; IFN, interferon; MARCHF3, membrane- associated ring- CH- type finger 3; PARP1, Poly [ADP- ribose] 
polymerase 1; PARPi, PARP inhibitors; PD- 1, programmed cell death protein- 1.
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degradation of Ku80, hindering its recruitment to DNA 
DSBs. Our study revealed that MARCHF3 overexpression 
facilitates the degradation of the PARP1 protein via K48- 
linked polyubiquitin chain formation. PARP1, a nuclear 
protein, plays a role in the classical non- homologous 
end joining pathway by interacting with DNA- PKcs and 
recruiting XRCC4/CHD2 to DSB sites.45 Interestingly, 
previous studies have reported that the MARCH E3 ligase 
family directly targets molecules in the cGAS- STING 
pathway. For example, recent research has shown that 
MARCH5 ubiquitinates and degrades STING at K63 ubiq-
uitin sites to inhibit type I IFN responses. Additionally, 
MARCH8 ubiquitinates CGAS at K63 ubiquitin sites to 
suppress the cGAS- STING pathway.46 47 Thus, although 
members of the MARCH E3 ligase family share similar 
domains, they exert their effects in markedly different 
ways. These differences are likely due to differences in 
the domains of MARCH E3 ligases that interact with 
target proteins and the specific ubiquitin sites involved. 
This finding also suggests that the binding and ubiquiti-
nation of PARP1 by MARCH3 may have a certain degree 
of specificity.

PARP1 inhibitors exert antitumor effects on BRCA- 
deficient triple- negative breast cancer by activating the 
cGAS- STING pathway.46 This clinical finding has also 
been corroborated by other studies.47 Targeting innate 
antitumor immunity in combination with PD- 1 therapy 
has emerged as a potentially valuable treatment approach. 
In our study, we demonstrate that targeting PARP1 
effectively increases the efficacy of immunotherapy for 
HCC. The optimal antitumor effects observed with the 
combination therapy on preclinical models validate this 
approach. Furthermore, in addition to activating CD8+ 
T cells by enhancing antigen presentation through DCs 
to suppress tumor growth, our research results also indi-
cate that targeting PARP1 can provide a theoretical basis 
for future combination therapies with anti- PD- 1 agents, 
potentially expanding the application value of PARP1 
inhibitors in immunotherapy for HCC.

In summary, our findings suggest that MARCHF3 
enhances tumor immunogenicity and antitumor immu-
nity through a DC- T- cell- dependent mechanism by 
promoting DNA damage in a manner dependent on 
ATF4, which binds to the promoter of MARCHF3. Upreg-
ulated MARCHF3 suppresses PARP1- mediated DNA 
repair, further activating cGAS- STING pathway- mediated 
antitumor immunity and thereby sensitizing HCC to 
ICIs. Consequently, targeting PARP1 in combination with 
immune checkpoint inhibition represents a promising 
opportunity for cancer immunotherapy. The potential 
application of such combination therapy extends beyond 
HCC and may benefit patients with various types of cancer 
that do not respond to the available treatments.
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Supplemental Figure 1. The expression of MARCHF3 is significantly associated with 

tumor immune infiltration and the efficacy of anti-PD-1 therapy. (A-D) Relationships 

between the tumor immune microenvironment (dendritic cells, neutrophils, 

macrophages, and CD4+ T, CD8+ T and B cells) and the expression of 4 ubiquitin-related 

genes in the TIMER database. (E) IHC staining showing MARCHF3 expression in 

patients with progressive disease or stable disease/partial response. Scale bar, 40 μm. 

(F-G) Average volume (F) and average weight (G) of the tumors after anti-PD-1 

antibody treatment. (H) Average weight of the tumors after anti-CD4 or anti-CD8 

treatment. 
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Supplemental Figure 2. MARCHF3 expression promotes CD8+T cell activation. (A-

B) The immunologic activity scores calculated by ssGSEA in the MARCHF3 low-

expression and high-expression tumors from (A) The Cancer Genome Atlas (TCGA) 

dataset and (B) International Cancer Genome Consortium (ICGC) dataset. (C) IHC 

analysis of the correlation between MARCHF3 expression and CD45+ lymphocyte 

infiltration. (D) CD4, CD8, CD11c, CD56, and CD163 expression in HCC patients 

from the MARCHF3 high- and low-expression groups. (E) Tumor burdens in C57BL/6 

mice subcutaneously injected with tumor cells and administered anti-NK antibodies. (F) 

Flow cytometry was used to detect the proportions of CD8+ GZMB+ T cells in the 

different MARCHF3 expression groups. (G) Changes in the viability (CCK-8 assays) 

of the Hep-1-6 cell line after coculture with CD8+ T cells for 2 days. (H-I) ELISAs were 

performed to detect the concentrations of (H) IFN-γ and (I) GZMB in the supernatants 

of cocultured cells. Scale bars, 40 μm.  
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Supplemental Figure 3. MARCHF3 reshaped the TME by inducing DC maturation. 

(A) The infiltration of CD103+ CD11c+ DCs and (B) MHC Ⅱ+ CD11c+ DCs was 

detected by flow cytometry. (C) Tumor burdens in C57BL/6 mice that were 

subcutaneously injected with tumor cells and the macrophages were depleted via 

clodronate liposomes. (D) DC activation scores calculated by ssGSEA in MARCHF3 

low-expression and high-expression tumors from TCGA dataset and ICGC dataset. 
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Supplemental Figure 4. MARCHF3 inhibited DNA repair after DNA damage. (A) 

Expression levels of MARCHF3 in HCC cell lines. (B) A comet assay was used to 

analyze the effect of MARCHF3 expression on DNA damage. Scale bar, 20 mm. (C) 

IHC staining for γH2AX in WT and MARCHF3-expressing tumor tissues. Scale bar, 

40 μm. (D-G) Representative images and quantitative analysis of the amount of dsDNA 

in the indicated (D) Huh7 or (E) PLC cells treated with oxaliplatin (10 µmol/L) for 24 

hours to induce DNA damage. Scale bar, 30 mm. (F) dsDNA levels in the supernatants 

of Huh7 or PLC cells were determined by staining with PicoGreen dye. 
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Supplemental Figure 5. MARCHF3 triggered DC cCAS–STING activation. (A-C) 

qRT‒PCR analysis of type I IFN pathway-associated genes in DCs from WT, Cgas-/-, 

and Sting-/- mice. (D) CD86+ CD11c+ DCs and MHC-I+ CD11c+ DCs were detected via 

flow cytometry. (E) IFN-γ+ CD8+ T cells and GZMB+ CD8+ T cells were detected via 

flow cytometry. 
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Supplemental Figure 6. MARCHF3 regulated the DNA damage response in a PARP1-

dependent manner. (A) γH2AX expression in Huh7 and (B) HCCLM3 cells was tested 

via Western blotting. (C-D) The number of γH2AX foci in the indicated (C) Huh7 or 

(D) PLC cells. Scale bar, 20 μm. (E-F) The kinetics of DSB repair were detected in (E) 

Huh7 or (F) PLC cells using a comet assay. Scale bar, 20 mm. (G) The amount of 

dsDNA in the indicated Huh7 and HCCLM3 cells. Scale bar, 20 μm.  
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Supplemental Figure 7. MARCHF3 promoted cCAS–STING signaling activation in 

a PARP1-dependent manner. (A) Scheme of the experimental procedure. (B) DCs were 

subjected to immunofluorescence staining for dsDNA (red) and nuclei (DAPI; blue). 

Scale bar, 20 μm. (C) WB analysis of the phosphorylation levels of cCAS–STING 

pathway proteins in the lysates of mouse DCs after coculture with HCC cells. (D) qRT‒

PCR analysis of type I IFN pathway-associated genes in DCs. (E-F) ELISAs were used 

to determine the (E) IFN-β and (F) CXCL10 levels in the supernatant of CD8+ T cells 

after coculture with DCs. (G) CD86+ CD11c+ DCs and (H) MHC-I+ CD11c+ DCs were 

detected via flow cytometry. (I) IFN-γ+ CD8+ T cells and (J) GZMB+ CD8+ T cells were 

detected via flow cytometry. 
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Supplemental Figure 8. Endoplasmic reticulum stress regulated MARCHF3 

expression. (A) Heatmap of hallmark scores between 40 tumors with high or low 

MARCHF3 expression calculated by ssGSEA. (B-C) MARCHF3 did not affect ER 

stress in (B) Huh7 or (C) HCCLM3 cells. (D-F) ER stress upregulated MARCHF3 

expression in (E) SK-Hep-1, (E) Huh7, and (F) PLC cells. (G, H) Pearson’s correlation 

coefficients between MARCHF3 expression and the expression of ER stress-related 

transcription factors in (G) TCGA and (H) ICGC datasets. 
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Supplemental Figure 9. ATF4 directly regulated MARCHF3 transcription. (A) After 

treatment with E235, ATF4 activation upregulated MARCHF3 mRNA levels in Huh7 

and PLC cells. (B) ATF4 upregulated MARCHF3 mRNA expression in Huh7 and PLC 

cells. (C) After E235 treatment, ATF4 activation increased MARCHF3 protein levels. 

(D) ATF4 increased MARCHF3 protein levels in HCC cells. (E) Top panel: Schematic 

of the 4 putative ATF4-binding sites in the promoter region of the MARCHF3 gene. 

Bottom panel: The sequence obtained from the JASPAR website. (F) ChIP analysis of 

the ATF4 binding sites in the promoter region of the MARCHF3 gene. (G) Relative 

luciferase activity of reporters containing the wild-type or mutated sequence of the 

MARCHF3 promoter. (H) Immunohistochemical staining for ATF4, MARCHF3, and 

PARP1 in tissues from patients with HCC. Scale bar, 40 μm. 
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Supplemental Figure 10. Blockade of PARP1 potentiated the efficacy of anti-PD-1 

therapy in multiple tumors. (A-C) Representative images of tumors from the (A) EMT6, 

(B) LLC and (C) Pan02 syngeneic mouse models after olaparib and/or anti-PD-L1 

antibody treatment. 
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